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Realising strong photon-photon interactions in a solid-state setting is a major goal with far reach-
ing potential for optoelectronic applications. Using Landau’s quasiparticle framework combined
with a microscopic many-body theory, we explore the interactions between exciton-polaritons and
trions in a two-dimensional semiconductor injected with an electron gas inside a microcavity. We
show that particle-hole excitations in the electron gas mediate an attractive interaction between the
polaritons, whereas a trion-polariton interaction mediated by the exchange of an electron is either
repulsive or attractive depending on the specific polariton branch. These mediated interactions
are intrinsic to the quasiparticles and are also present in the absence of light. Importantly, they
can be tuned to be more than an order of magnitude stronger than the direct polariton-polariton
interaction in the absence of the electron gas, thereby providing a promising outlook for non-linear
optical components. Finally, we compare our theoretical predictions with two recent experiments.
The realisation of exciton-polaritons in semi-conductor
microcavities has opened a rich setting for hybrid light-
matter systems [1, 2]. Due to their mixed composi-
tion, exciton-polaritons provide controllable means to
transfer useful features between light and matter [3, 4],
which has led to a range of breakthrough results includ-
ing the observation of polariton Bose-Einstein conden-
sates (BECs) [5–10], quantum vortices [11], and topo-
logical states of light [12–15]. Monolayer transition
metal dichalcogenides (TMDCs) have recently emerged
as a particularly promising platform to explore exciton-
polaritons, since the excitons are deeply bound and
dominate the optical response, and because they offer
many spin and valley degrees of freedom [16]. A dis-
advantage of TMDCs however is that the large exciton
binding energy and correspondingly small radius makes
the direct exciton-exciton interaction weak, which sup-
presses non-linear optical effects important for optoelec-
tronic devices [16, 17]. A major challenge is therefore
to achieve strong polariton interactions and several solu-
tions have been suggested including polaritonic Feshbach
resonances [18, 19], mediated interactions via polariton
BECs [20], and Rydberg excitons [21].
Recently, two experiments have shown that polariton
interactions can be enhanced by orders of magnitude
by injecting an itinerant electron gas in a monolayer
TMDC [22, 23]. In these charged systems, the excitons
are dressed by the two-dimensional electron gas (2DEG)
much like the dressing of impurities in an atomic Fermi
gas leading to the formation of Fermi polarons [24–27],
and the coupling to light in turn leads to the forma-
tion of new quasiparticles coined polaron-polaritons [28–
31]. Inspired by these experiments, we combine a mi-
croscopic many-body theory with Landau’s quasiparticle
framework to investigate the interaction between polari-
tons and trions in a monolayer TMDC injected with a
2DEG inside a microcavity. We show that the interac-
tion between polaritons mediated by particle-hole excita-
tions in the 2DEG is attractive, and that the interaction
between trions and polaritons mediated by the exchange
of an electron can be either attractive or repulsive. Both
interactions are an inherent property of the quasiparti-
cles, and they can be tuned to be much stronger than
the polariton-polariton interaction in the absence of the
2DEG. We show that our theory provides a qualitative
explanation of the recent experimental results [23].
System.- We consider excitons in a TMDC monolayer
coupled to a quantum field of light in a microcavity [16,
32, 33]. In addition to the light coupling, the excitons
interact with a 2DEG and the Hamiltonian is
Hˆ =∑
k
[xˆ†k cˆ†k] [εxk ΩΩ εck] [xˆkcˆk] +∑k εekeˆ†keˆk+ 1
2
∑
q,k,k′ Vqxˆ
†
k+qeˆ†k′−qeˆk′ xˆk, (1)
where xˆ†k, cˆ
†
k, and eˆ
†
k create an exciton, photon, and elec-
tron with 2D momentum k. These states have energies
εxk = k2/2mx, εck = k2/2mc+δ, and εek = k2/2me respec-
tively, where mx, mc and me are the effective masses
of the exciton, cavity photon, and electron, and δ is
the detuning between the exciton and photon at zero-
momentum. The energy off-set of the electrons with re-
spect to the excitons will be included in their chemical
potential. Due to its large binding energy [16], the exci-
tons can be described as point bosons and the spin-valley
selection rules in monolayer TMDCs allow us to consider
each spin independently [34, 35]. The light-matter cou-
pling Ω is real, and we use units where h̵, the system area,
and kB are all unity. To model the experiments [22, 23],
the exciton-electron interaction Vq is taken to support a
bound state, i.e. a trion, with energy ε0T .
We define a 2 × 2 matrix Green’s function G(k, τ) =−⟨Tτ{Ψˆk(τ)Ψˆ†k(0)}⟩ to describe this strongly interacting
hybrid light-matter system, where Ψˆk = [xˆk, cˆk]T and Tτ
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2FIG. 1. (a) Illustration of the system considered. Excitons
in a monolayer TMDC are coupled to a cavity light mode
forming polaritons (purple balls). The excitons can bind
an electron from an itinerant electron gas (yellow balls) to
form trion-polaritons (green balls). We show that there are
strong polariton-polariton interactions (red wavy line) medi-
ated by particle-hole excitations in the electron gas, as well
as polariton-trion interactions (blue wavy line) mediated by
the exchange of an electron. (b) The energy shift of a zero
momentum L-polariton as a function of its concentration nL
and the concentration nT of trions due to these quasiparticle
interactions for δ/2Ω = 3.
denotes imaginary time ordering. In frequency space,
G−1(k) = [iωk − εxk −Σ(k) Ω
Ω iωk − εck] (2)
where k = (k, iωk) with iωk a bosonic Matsubara fre-
quency. The self-energy Σ(k) = T ∑q,iωq Ge(q)T (k + q)
describes the interaction of excitons with the 2DEG,
where G−1e (q) = iωq − ξeq is the electron Green’s function
with ξeq = εeq − µe and µe their chemical potential. The
temperature is T and T (k) the exciton-electron scatter-
ing matrix in the ladder approximation including light
coupling [36, 37]. Performing the frequency sum and the
standard analytic continuation iωq → ω + i0+ yields
Σ(k, ω) =∑
q
[f(ξeq)T (k + q, ω + ξeq) − f(ξTk+q)ZTk+q
ω − εTk+q + ξeq
+∫ ∞−∞ dω′pi f(ω′)ImT (k + q, ω′ + i0+)ω − ω′ + ξeq ] (3)
where f(x) = (expx+1)−1 is the Fermi function. Here εTk
is the energy of a trion with momentum k as determined
from the pole of the scattering matrix T (k), which differs
from ε0Tk = ε0T +k2/2mT where mT =mx+me is the trion
mass, due to the presence of the 2DEG and the light
coupling, ZTk is its residue in the exciton channel, and
ξTk = εTk − µT with µT the trion chemical potential.
FIG. 2. Zero momentum spectral function of the cavity pho-
tons Acc(0, ω) as a function of energy and detuning. The
white lines give the uncoupled photon and exciton energies,
the green lines indicates the upper and lower polariton ener-
gies in the absence of the 2DEG, and the red lines give the
polaron-polariton energies in the presence of the 2DEG. The
horizontal green dashed line marks the energy of the trion
plus an electron from the 2DEG.
Polaron-polaritons.- Before we investigate the inter-
actions between the quasiparticles of the system, we
briefly discuss their single particle properties. In Fig. 2,
we plot the zero temperature photon spectral function
Acc(k = 0, ω) = −2ImGcc(k, ω) obtained by inverting
Eq. (S6) as a function of the detuning δ. We have as-
sumed a single quasiparticle so that f(ω′) = f(ξTk+q) = 0
in Eq. (3). Here, and in the rest of the manuscript we use
experimentally realistic values mx = 2me, mc = 10−5me,
Ω = 8meV, 2DEG density ne = 8x1011cm−2 correspond-
ing to µe/2Ω = 0.23, and trion energy ε0T = −25meV
(µe/ε0T = 0.15) [22, 31, 38, 39]. For the calculations,
we add a small imaginary part η/2Ω = 0.01 to the fre-
quency. The lines in Fig. 2 give the energy εik=0 of a
quasiparticle branch i, which can be obtained by solv-
ing self-consistently εk = (2εck − δk ±√δ2k + 4Ω2) /2 with
δk = εck−εxk−Σ(k, εk) [37]. They are shifted away from
the bare upper and lower polariton energies in the ab-
sence of the 2DEG (Σ(k) = 0) due to electron-exciton in-
3teractions. When ∣δ∣ ≫ 2Ω, the excitons and the photons
decouple and the three quasiparticle branches correspond
to the photon, an attractive polaron with an energy below
the trion energy minus that of electron from the 2DEG
(green dashed line at ε = ε0T + (me/mx +me/mT )µe, and
a repulsive polaron with an energy above the bare ex-
citon energy in direct analogy with polarons in atomic
Fermi gases [25, 40]. For smaller detuning ∣δ∣ ≲ 2Ω, the
polarons and photons hybridise giving rise to three quasi-
particle branches, which we refer to as the lower (L), mid-
dle (M) and upper (U) polaritons. The M-polariton be-
comes ill-defined when δ/2Ω ≃ −1.2 where its energy plus
that of an electron from the 2DEG matches the trion
state. These quasiparticle have recently been observed
experimentally [22, 31].
Quasiparticle interactions.- An intrinsic property of
quasiparticles is that they interact via excitations in the
surrounding medium, which in the present case is the
2DEG. As first pointed out by Landau, it follows that the
energy of a quasiparticle in branch i and with momentum
k can be written as [41, 42]
εik = ε0ik +∑
jk′ fik,jk
′δnjk′ + . . . , (4)
where ε0ik is the energy for vanishing quasiparticle con-
centrations, fik,jk′ is the interaction between quasiparti-
cles in branches i and j with momenta k and k′, and δnik
is the quasiparticle distribution function.
To connect this general expression with our micro-
scopic theory, we observe that the self-energy in Eq.
(3) depends explicitly on the trion distribution func-
tion f(ξTk) and on the polariton distribution functions
through the many-body scattering matrix T (k, ω) [37].
The quasiparticle energies therefore depend on these den-
sities, which in terms of Eq. (4) corresponds to polariton-
polariton and polariton-trion interactions mediated by
the 2DEG. Focusing for concreteness on a L-polariton
with momentum k, its mediated interaction with another
polariton or trion with momentum k′ can be calculated
microscopically as [37]
fLk,jk′ = ZLkC2k δΣ(k, εLk)δnjk′ , (5)
where Z−1Lk = 1 − C2k∂ωΣ(k, ω)∣εLk is the residue of the
L-polariton. Compared to the usual microscopic ex-
pression for the quasiparticle interaction from the self-
energy [43, 44], Eq. (5) has an additional Hopfield factorC2k = (1 + δk/√δ2k + 4Ω2)/2 reflecting that it is only the
exciton component of the L-polariton that interacts with
the 2DEG. We now analyse the polariton-polariton and
the polariton-trion interactions in detail.
Polariton-polariton interaction.- We first examine
the interaction between L-polaritons mediated by the
2DEG. In Fig. 3, the energy shift ∆εLk of the k = 0
L-polariton is plotted as a function of its concentration
nL for various detunings δ. It is calculated by evaluat-
ing Eqs. (S6)-(3) numerically with a varying polariton
density given by nL = ∑k f(εLk −µL), where we have in-
troduced the chemical potential µL of the L-polaritons.
The temperature is T = 0.1µe so that the L-polaritons
remain uncondensed. The energy is seen to decrease
with the nL showing that the interaction between the
L-polaritons is attractive. Taking the functional deriva-
tive in Eq. (5) with δnjk′ = δnLk′ = f(εLk′ − µL) of the
self-energy give by Eq. (3) yields the diagram shown in
the inset of Fig. 4 [37]. It describes a quasiparticle in-
teraction mediated by a particle-hole excitations in the
2DEG, which is inherently attractive since it corresponds
to one quasiparticle creating a density modulation that
attracts the other quasiparticle.
FIG. 3. The energy shift of a zero momentum L-polariton as
a function of its density for various detunings. The dotted
lines are the perturbative result obtained from Eqs. (4)-(6)
for δ/2Ω = −2.2 (red) and −1.4 (green). The Feynman dia-
gram for the attractive polariton-polariton interaction medi-
ated by electron particle-hole excitations giving rise to these
energy shifts is shown in the inset. Blue/red lines are ex-
citon/electron propagators and the grey circles the exciton-
electron scattering matrix [37].
When δ/2Ω ≪ −1, the energy of the L-polariton
is far detuned from the trion energy, see Fig. 2, and
the exciton-electron scattering matrix T depends only
weakly on the energy. Equation (5) then yields [37]
fLk,Lk′ = C2kC2k′T 2nL=0(0, εL0)χ(k − k′, εLk − εLk′) (6)
for the interaction between two L-polaritons with mo-
menta k and k′, where χ(k) is the 2D Lindhard func-
tion [43]. Equation (6) is the usual Ruderman-Kittel-
Kasuya-Yosida (RKKY) interaction mediated by a de-
generate electron gas except for the Hopfield coefficients,
which again reflect that it is only the exciton component
of the L-polaritons that interacts with the electrons. Fig-
ure 4 shows that the weak coupling result obtained by
using Eq. (6) in Eq. (4) agree with the energy shift ob-
tained from the full self-energy for δ/2Ω = −2.2. The
agreement breaks down for δ/2Ω = −1.4, where the en-
ergy of the L-polariton approaches that of the trion, see
Fig. 2, and the scattering matrix depends significantly on
the energy leading to a strong mediated interaction. The
4interaction is further strengthened by the fact that the
excitonic component of the L-polariton increases with the
detuning as determined by the Hopfield coefficient Ck.
Similar calculations show that the interaction between
M- and U-polaritons mediated by electron-hole excita-
tions in the 2DEG is also attractive as expected [45].
Polariton-trion interaction.- Consider now the inter-
action between polaritons and trions. In Fig. 4(a),
the zero temperature energy shift of all three polariton
branches due to a non-zero trion density nT = ∑k f(ξTk)
is plotted for δ/2Ω = −0.5. We see that the energy of
the L-polariton increases with nT corresponding to a re-
pulsive interaction with the trions, whereas the energy
of the M- and U-polaritons decrease corresponding to an
attractive interaction.
To understand this, focus on the L-polaritons first.
Their interaction with the trions can be obtained from
Eqs. (3) and (5) with δnjk′ = δnTk′ = f(ξTk) giving
fLk,Tk′ = −ZLkC2k ZTk′εLk − εTk′ + ξek′−k . (7)
Physically, this interaction originates from the coupling
of a polariton with momentum k and an electron with
momentum k′ − k to a trion with momentum k′. The
resulting second order energy shift of the L-polariton is
negative since its energy plus that of the electron is al-
ways lower than the trion energy, see Fig. 2. However, a
non-zero trion density Fermi blocks this coupling thereby
reducing the negative energy shift, which corresponds to
a repulsive interaction between a trion and a L-polariton
mediated by the exchange of an electron. The corre-
sponding Feynman diagram for this mediated interac-
tion is shown in the inset of Fig. 3. The same reasoning
also explains why the interaction between the M- and
U-polaritons and the trions is attractive. Indeed, since
their energies plus an electron from the 2DEG is above
that of the trion for the parameters chosen, see Fig. 2,
the denominator in Eq. (7) is positive and the interaction
flips sign compared to the case of L-polaritons [46]
Figure 4 (b) shows the energy shift of the polaritons
caused by a trion density nT /ne = 0.1 as a function of the
detuning δ. Again, the energy shift of the L-polariton is
always positive since its energy plus that of an electron
from the 2DEG is below that of the trion state for all δ.
The energy shift of the M-polariton shifts from positive
to negative around δ/2Ω ∼ −1.5 reflecting that its energy
plus that of an electron crosses the trion energy from
below, as can be seen in Fig. 2. In contrast, the energy
shift of the U-polariton is always negative as its energy
is above that of the trion for all values of detuning.
The main results of this letter are summarized in
Fig. 1(c), where we plot the energy shift of the L-
polariton as a function of its density nL and of the trion
density nT for δ/2Ω = 3 and T = 0.1µe. It is calculated
numerically from Eqs. (S6)-(3) by varying both chemi-
cal potentials µL and µT . Figure 1(c) clearly shows how
the energy of the L-polariton increases/decreases with in-
creasing trion/polariton density reflecting the underlying
repulsive/attractive quasiparticle interactions.
FIG. 4. (a) Energy shift of the three polariton branches for
zero momentum as a function of the trion density for δ/2Ω =−0.5. The inset shows the Feynman diagram for the trion-
polariton interaction giving rise to these energy shifts. The
blue curvy line is the trion propagator [37]. (b) Energy shift
as a function of cavity detuning for nT /ne = 0.1.
Discussion and outlook.- We can define an effective
strength gLL of the mediated interaction between L-
polaritons by writing ∆εL = gLLnL. Note that gLL in-
cludes strong correlations despite its definition from a
mean-field type expression. From Fig. 3, we extract gLL =−0.4µeVµm2 for δ/2Ω = −1.4 and gLL = −1.0µeVµm2
for δ/2Ω = 3.0. Since polaritons are mainly excitons for
δ/2Ω = 3.0, we can compare the latter with the exper-
imental values gxx ≃ 0.05 for the direct exciton-exciton
interaction [22, 47]. This shows that the 2DEG amplifies
the interaction by more than an order of magnitude. We
can also define an effective interaction between trions and
L-polaritons by writing ∆εL = gLTnT and from Fig. 4, we
extract gLT = 0.5µeVµm2 for δ/2Ω = −0.5. In Ref. [22], a
time-dependent energy shift of strongly damped polari-
tons was observed, which was attributed to a repulsive
interaction g = 0.5µeVµm2. This is 50 times larger than
the observed polariton-polariton interaction strength in
the absence of the 2DEG, and was attributed to non-
equilibrium effects.
In Ref. [23], the energy of the L- and the M-
polaritonwas observed to increase and decrease respec-
tively with increasing trion density, which is precisely
what our theory predicts, see Fig. 4 [48]. We more-
over obtain an energy shift of ∆εM0 ≃ −0.2meV for
nT /ne =0.05, ε0T = −30meV, and δ = −15.4meV, which is
of the same order as reported experimentally. This sug-
gests that the observed large energy shifts are due to the
5strong mediated interactions between the quasiparticles.
Note that these interactions are always present also in the
absence of light where the polaritons become excitons. In
Refs. [23, 49], the energy shifts in the low concentration
limit were on the other hand attributed to a reduction
of the Rabi coupling between light and trions. It would
be very interesting to investigate these energy shifts fur-
ther. In particular, a pump-probe experiment where both
the pump and the probe beams selectively populate the
trion or polariton branches could unravel the mechanism
behind the quasiparticle interactions. This would consti-
tute an important step towards realising and controlling
strong polariton interactions with far reaching perspec-
tives for optoelectronic applications.
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1Supplemental Materials: Attractive and repulsive exciton-polariton interactions
mediated by an electron gas
SCATTERING MATRIX AND TRION ENERGY
The self-energy describing the electron-exciton interaction from the main text is given by
Σ(k) = T∑
q
Ge(q)T (k + q), (S1)
where q = (q, iων), ωq is a fermionic Matsubara frequency, G−1e (q) = iωq − ξeq is the electron Green’s function with
ξeq = εeq − µe, µe the electron chemical potential, and T the temperature. The exciton-electron scattering matrix
T (k) = [ReΠv(ε0T ) −Π(k)]−1 , (S2)
is related to the electron-exciton pair propagator
Π(q) = −T∑
q
G(0)x (k + q)Ge(−q), (S3)
by means of a Dyson equation T (k) = T0 +T0Π(k)T (k) resulting from the ladder approximation [S50]. Here, G0x(k) =∑i(X 0ik)2/(iωk − ξ0ik) is the exciton propagator in absence of interactions, but including the light-matter coupling,
with i = L,U , ξ0ik = ε0ik − µP , ε0L,Uk = (2εck − δ0k ±√(δ0k)2 + 4Ω2) /2, δ0k = εck − εxk, and (X 0Lk)2 = (C0k)2 = (1 +
δ0k/√(δ0k)2 + 4Ω2)/2 and (X 0Uk)2 = (S0k)2 = (1 − δ0k/√(δ0k)2 + 4Ω2)/2 are the standard Hopfield coefficients in absence
of interactions [S51].
We eliminate the UV divergence in the scattering matrix by renormalizing the propagator using the energy ε0T of
the bound state, i.e. the trion, which comes from the solution of the scattering problem of a exciton-electron pair in
the vacuum
ReΠv(ε0T ) = − µ2pi log( Λ22µ∣εT ∣ ) . (S4)
Here µ−1 = m−1e +m−1x is the reduced electron-exciton mass and Λ is a momentum cut-off. In deriving Eq. (S2), we
have assumed that the bare exciton-electron interaction Vq is a constant for the relevant momenta and expressed it
in terms of the electron-exciton pair propagator in a vacuum Πv evaluated at the vacuum trion energy ε
T
v [S52, S53].
Performing the Matsubara sum in Eq. S3 yields
Π(k) =∑
i
∫ d2q(2pi)2 (X 0i,k+q)2 1 + g(ξ0ik+q) − f(ξe−q)iκq − ξ0ik+q − ξe−q , (S5)
where g(x) = (expx − 1)−1 is the Bose-Einstein distribution. We have introduced the polariton chemical potential
µP via ξ
0
ik = ε0ik − µP to account for a non-zero concentration of the polaritons, which is obviously necessary in order
to explore the interaction between them. Initially, we fix this potential for a very small but finite concentration of
polaritons by employing the exciton propagator in absence of interactions nL = T ∑q G0x(q). Then, we self-consistently
correct the chemical potential for increasing density by considering the energy of the interacting polaritons. Finally,
because the Hopfield coefficients tend rapidly to their asymptotic values (C0k → 1 and S0k → 0) as the momentum
increases, the term involving S0k in G0x(q) provides a small contribution to the real part of the propagator. It can thus
be neglected to an excellent approximation. A similar approach has been employed to describe polaron-polaritons in
a Bose-Einstein condensate of polaritons [S36].
The pole of the scattering matrix determines the energy of the trion εTk, which differs from the bare one ε
0
Tk due
to the presence of the 2DEG and the light coupling. Pauli blocking from the 2DEG means that states with momenta
below the Fermi momentum kF cannot contribute to forming the trion. Since the density of states is constant in 2D, we
can estimate the energy shift of a zero momentum trion due to this Pauli blocking as εTk=0 = ε0Tk=0+k2F /2mx+k2F /2me.
2POLARITON BRANCHES AND COUPLING TO THE TRION
As it is defined in the main text, the polariton Green’s function in frequency space is given by
G−1(k) = [iωk − εxk −Σ(k) Ω
Ω iωk − εck] . (S6)
In diagonal form it becomes
G−1(k) = [iωk − εLk 0
0 iωk − εUk,] (S7)
where the energies of the quasi-particles are given by the self-consistent solutions of
εLk = 1
2
[εck + εxk +Σ (k, εLk) −√[εck − εxk −Σ (k, εLk)]2 + 4Ω2] , (S8)
εUk = 1
2
[εck + εxk +Σ (k, εUk) +√[εck − εxk −Σ (k, εUk)]2 + 4Ω2] . (S9)
Depending on the detuning and the Fermi energy, either Eq. (S8) or Eq. (S9) has two solutions giving rise to three
quasiparticle branches in total.
A polariton gets damped when its energy εp plus that of an electron from the 2DEG can make a trion. Considering
a zero momentum polariton, this gives the condition εp=0 + q2/2me = ε0Tk=0 + k2F /2mx + k2F /2me + q2/2mT , where q is
the momentum of the electron and we have estimated the energy of a trion with momentum q to be ε0Tk=0 +k2F /2mx +
k2F /2me + q2/2mT . Taking q = kF gives the minimum energy
εT = ε0T + (me/mx +me/mT )µe. (S10)
for which a polariton gets damped due to coupling to the 2DEG. This energy is indicated by a green horizontal line
in Fig. 2 of the main manuscript.
POLARITON-POLARITON INTERACTION FOR WEAK COUPLING
The self-energy depends of the density of the polaritons via the pair propagator in Eq. (S5). To make this dependence
explicit, we write Π(k) = Π0(k) + δΠ(k) where
Π0(k) =∑
i
∫ d2q(2pi)2X 2i,k+q 1 − f(ξe−q)iκq − ξik+q − ξe−q , (S11)
is the pair propagator for zero polariton density and
δΠ(k) =∑
i
∫ d2q(2pi)2X 2i,k+q f(ξik+q)iκq − ξik+q − ξe−q . (S12)
gives the correction due to a non-zero polariton density. By considering δΠ(k) as a small correction, the scattering
matrix can be approximated as T (k) = TnL=0(k) + T 2nL=0(k)δΠ(k), (S13)
where TnL=0(k) = T0 (1 − T0Π0(k))−1 (S14)
is the many-body scattering matrix for zero density of polaritons. Now, we substitute Eq. (S13) into Eq. (3) of the
main text and neglect the scattering matrix pole contribution. This leads to
Σ(k) = ΣnL=0(k) +∑
i
∫ d2q(2pi)2 ∫ d2p(2pi)2 X 2i,k+q+pT 2nL=0(k + q, iωk + ξeq)f(ξeq)g(ξik+q+p)iωk + ξeq − ξe−p − ξik+q+p (S15)
−∫ d2q(2pi)2 ∫ ∞−∞ dω′pi f(ω′)Im [TnL=0(k + q, ω′ + i0+) + T 2nL=0(k + q, ω′ + i0+)δΠ(k + q, ω′ + i0+)]ω′ − iωk − ξeq .
3Next, we use the following relations and approximate them just to keep terms of the order T 2nL=0
ImTnL=0 = ∣∣TnL=0∣∣2ImΠ0 ≃ T 2nL=0ImΠ0, (S16)
Im (T 2nL=0δΠ) = T 2nL=0ImδΠ + ImT 2nL=0δΠ∗ ≃ (S17)T 2nL=0ImδΠ +O(n2L,U).
Using them, we can write Eq. (S15) as
Σ(k) ≃ ΣnL=0(k) +∑
i
∫ d2q(2pi)2 ∫ d2p(2pi)2X 2i,k+q+p {f(ξeq)g(ξik+q+p)T 2nL=0(k + q, iωk + ξeq)iωk + ξeq − ξe−p − ξik+q+p (S18)
− [f(ξe−p + ξik+q+p) (1 − f(ξe−p) + g(ξik+q+p))]T 2nL=0(k + q, ξe−p + ξik+q+p + i0+)
iωk + ξeq − ξe−p − ξik+q+p } +O(n2L,U).
By using that nF (x + y)(1 − nF (x) + nB(y)) = nF (x)nB(y), we finally get
Σ(k) ≃ ΣnL=0(k) +∑
i
∫ d2q(2pi)2 g(ξiq)VL,i(k, ωk;q, ξiq), (S19)
with
VL,i(k, ωk;q, εiq) = X 2i,q ∫ d2p(2pi)2 f(ξep)T 2nL=0(q − p, iων + ξep) − f(ξek−q+p)T 2nL=0(q − p, ξek−q+p + ξiq + i0+)iων − ξiq + ξep − ξek−q+p , (S20)
By taking the functional derivative with respect to distribution of polaritons in the j-polariton branch on-shell we
obtain
fLk,jk′ = ZLk δεLk
δnjk′ = ZLkC2k δΣ(k, εLk)δnjk′ = ZLkC2kX 2jk′VL,j(k, εLk;k′, εjk′). (S21)
When we consider energies far from the trion energy, we can approximate the scattering matrix as a momentum-
independent constant TnL=0. In this case, Eq. (S21) reduces to Eq. (6) from the main text.
